Abstract Assessment of the integrity of the articular cartilage is considered key for the early diagnosis of osteoarthritis (OA). Diffusion-weighted imaging and diffusion tensor imaging have potential as biomarkers for cartilage composition and structure. The value of diffusion to detect compositional and structural changes in the cartilage matrix has been shown in ex vivo experiments for several years. However, it was not until recently that the first clinical studies have been performed. These clinical studies demonstrated the potential of diffusion to detect cartilage damage after injury, to early diagnose OA, and to measure cartilage remodeling after cartilage repair surgery. In this review, we provide a comprehensive overview of the literature on diffusion measurements on cartilage from ex vivo validation to its most recent clinical applications.
Introduction
Magnetic resonance imaging (MRI) has shown great potential in the assessment of cartilage composition and structure in vivo and non-invasively. Assessment of cartilage composition and structure is important in many joint diseases like osteoarthritis (OA). Since articular cartilage is very early involved in OA, assessment of cartilage integrity is key for the early diagnosis of OA and for the validation of new disease-modifying OA drugs.
Most quantitative MRI biomarkers for articular cartilage, aimed at assessing the biochemical composition of articular cartilage, focus on proteoglycan (PG) content: sodium (Na)-imaging [1, 2] , delayed gadolinium-enhanced MRI of the cartilage, dGEMRIC [3, 4] , T 1 q relaxation time [5, 6] , and glycosaminoglycan chemical exchange-dependent saturation transfer (gagCEST) [7] . However, existing MRI biomarkers do not provide convincing assessment of collagen, with the T 2 relaxation time [8, 9] and magnetization transfer, MT, [10] [11] [12] partially sensitive to the collagen. Both T 2 and MT depend on the water and PG content of cartilage matrix [11, 13] . In this review, we will focus on diffusion-weighted imaging (DWI) and diffusion tensor imaging (DTI) as biomarkers to assess the integrity of the cartilage matrix with the potential to provide assessment of PG and collagen.
Diffusion measurements with MRI are a unique technique to probe tissue microstructure at scales of a few microns, which is the relevant scale of tissue organization (e.g., chondrocyte size is *10 lm, collagen fibril diameter is up to 0.2 lm, with a separation separation *0.1-3 lm) [14, 15] . Even more important, diffusion measurements can provide separate information of collagen and PG [16] . The collagen network is organized in an arch-like architecture and favors the motion of water along the collagen fibrils inducing anisotropy in the motion of the water, so any measurement of diffusion anisotropy is a measurement of the collagen integrity [16] [17] [18] [19] [20] [21] . PG molecules, on the other hand, do not show a preferred orientation and therefore restrict the motion of water molecules equally in all directions and can be detected by the mean vale of diffusion [22] [23] [24] .
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There is also a strong biological motivation to study the diffusion properties of articular cartilage. Since articular cartilage is avascular, molecular diffusion is the dominant mechanism of the transport of small-size nutrients to the chondrocytes and the removal of their metabolic waste products [25, 26] . Even more, the unique viscoelastic mechanical properties of articular cartilage are a consequence of the motion of water through the low permeable cartilage matrix [27] . When a compressive force is applied to the cartilage surface, the low permeable solid matrix induce high frictional drag forces on the fluid component causing a rapid increase in hydraulic pressure. This hydraulic pressure is an efficient mechanism of load support that protects the solid matrix of the cartilage from mechanical stress. During OA, the molecular breakdown of the cartilage matrix causes an increase in its water permeability, which significantly affects its mechanical properties [14] .
In this review, we focus on clinical applications of diffusion measurements of articular cartilage. First, we briefly describe how diffusion measurements are performed with MRI. We provide a succinct overview of the result of ex vivo validation of diffusion measurements in the articular cartilage. Than, we review the applications of diffusion imaging to assess cartilage changes after knee injury, to early diagnose OA, and to measure cartilage remodeling after cartilage repair surgery. After each section, we indicate open research questions with important clinical implications that still need to be investigated.
The Measurement of Diffusion with MRI
DWI measures the diffusion constant in a tissue along one direction. DWI requires the application of two gradients separated in time to produce a position-dependent dephasing and re-phasing of the MRI signal. Water molecules that move between the first and second gradients will not be re-phased thus leading to a decay of the MRI signal. The signal loss due to diffusion follows the well-known exponential decay law,
where S(b) is the signal intensity at a single voxel at the diffusion-weighting b, the so-called b value. The b-value summarizes the contribution of the diffusion-sensitizing gradients to the diffusion-weighting of the MR signal: the gyromagnetic ratio, c, the strength of the applied gradient, g; the time between the diffusion gradients (diffusion time), D, and the duration of the diffusion-sensitizing gradient, d. ADC, is the apparent diffusion coefficient. The term apparent is used to remember that the diffusion constant measured is an effective diffusion constant which depends both on tissue structure and on sequence parameters (e.g., the diffusion time, diffusion direction, etc.). DWI allows the calculation of a single ADC value along the direction of the diffusion-sensitizing gradients, g: For homogeneous and isotropic mediums (e.g., solutions), ADC is the same in all directions. However, in many biological tissues, like the articular cartilage, the values of ADC depend on the direction. In this case, a diffusion tensor formalism is required to describe the diffusion properties of the tissue. 1 The diffusion tensor is represented by a symmetric 3 9 3 matrix, i.e. by six independent diffusion constants. To calculate the diffusion tensor, we need to measure the ADC along at least six different diffusion directions.
Since the measured components of the diffusion tensor depends on the slice orientation and the patient position in the magnet, it is customary to report quantities derived from the diffusion components that are orientation-independent. To this end, the diffusion tensor is diagonalized and the eigenvectors, fẽ 1 ; ẽ 2 ; ẽ 3 g; and their corresponding eigenvalues, {k 1 , k 2 , k 3 }, are calculated. From the eigenvalues, several rotational invariant quantities can be defined [28] . By far the most commonly used are the mean diffusivity (MD) and the fractional anisotropy (FA),
Diffusion Measurements of Articular Cartilage Ex Vivo
The first diffusion measurements in articular cartilage using MRI were performed by Burstein et al. [23] . In their seminal work, spectroscopic measurement of the diffusivity of small solutes (water, Na ? , Li ? and CF 3 CO À 2 ) in healthy calf cartilage were performed at different diffusion times. Interestingly, the ADC of all these small solutes was the same (*60 % of their values in solution) independently of their charge, indicating the low influence of the fixed charge of the PGs in their diffusivities. Burstein et al. [23] also investigated the change in diffusion properties by selective removal of the glycosaminoglycans (GAG) side chains of the PG with trypsin. Progressive PG depletion resulted in an increase in the diffusion coefficient of water 1 Diffusion measurement of articular cartilage in vivo only uses moderate b values bellow 1,000 s/mm 2 , so that DTI, which is based on the approximation of Gaussian diffusion, is an adequate model to describe the diffusion properties of articular cartilage. up to 20 %. The change in ADC correlated with the sodium (Na) concentration measured in the articular cartilage.
DWI and DTI of Intact and Artificially Degraded Cartilage
The effect of artificial cartilage degradation on ADC has been investigated by several groups using different methods to degrade the cartilage matrix [29] [30] [31] [32] 33 •• ]. Most of the studies degraded the GAG side chains of the PG, as a model of early cartilage degradation occurring in OA. All these studies systematically reported increases of ADC between 5 and 30 % depending of the total amount of GAGs cleaved [29] [30] [31] [32] 33 
Measurements of DTI on cartilage samples after PG depletion resulted in increased MD but no change in the FA [17, 18, 20] . These experiments provided the first evidence that FA is dependent on the collagen architecture of the cartilage matrix. In a study with different degrees of PG extraction, we observed an increase of MD that correlated with PG loss, and no change in FA or the collagen matrix (as measured with polarized light microscopy, PLM) [20] .
The hypothesis that the collagen network is responsible for the diffusion anisotropy in cartilage was further supported by the observation that the orientation of the first eigenvector corresponds with the expected zonal arrangement of the collagen matrix in articular cartilage [16] . To better understand the origin of the diffusion anisotropy in articular cartilage, de Visser et al. [19] investigated the correlation between the orientation of the first eigenvector measured with DTI and collagen orientation measured with PLM. From a total of five samples, three showed a good quantitative correlation with PLM and two showed only qualitative similarity. Raya et al. [21] found an excellent correlation between the orientation of the first eigenvector with the zonal arrangement of the collagen [radial (P \ 0.01, r 2 = 0.89), transitional (P \ 0.01, r 2 = 0.87) and tangential (r 2 = 0.11)] as measured with scanning electron microscopy.
DWI as a Biomarker for the Mechanical Properties of Articular Cartilage
Juráš et al. [34] analyzed the change in several MRI parameters (T 1 , T 2 , and ADC) before and after compression (15 % strain) and found a 11.5 % decrease in diffusion from 0.96 ± 0.40 9 10 -3 to 0.85 ± 0.39 9 10 -3 mm 2 /s. In a subsequent study, Juráš et al. [35] found a positive correlation between the ADC and the equilibrium modulus (r = -0.52) and the relaxation time (r = -0.73). More recently, Aoki et al. [36 • ] reported significant correlations in porcine knee joints between the ADC in articular cartilage and the viscoelasticity (r 2 = 0.69, P \ 0.01) and mechanical relaxation time (r 2 = 0.75, P \ 0.01). Two studies by Greene et al. [37, 38] have analyzed the dynamical change of the ADC under compression. They found evidence that the axial porosity during loading can play an important role in redirecting the flow of the interstitial fluid to the articular surface, thus providing an additional mechanism for cartilage lubrication.
The effect of cartilage compression in DTI parameters has been investigated by de Visser et al. [39] . In this study, they reported increased FA in the 15 % most superficial cartilage and decrease in MD in the 30 % most superficial cartilage (strain up to 30 %). Similar results were observed by Raya et al. [21, 40] . High resolution DTI can provide accurate new information that can be used to validate new models of cartilage biomechanics [41] .
Ability of Diffusion to Diagnose Cartilage Damage Ex Vivo
Lin et al. [32, 33 •• ] investigated the value of a multiparametric MR imaging approach to classify samples of nasal bovine cartilage as intact or degraded after mild (6 h) and extensive (24 h /s). The value of DTI to detect early cartilage degeneration has been quantified ex vivo in samples with early cartilage damage [43 • ]. Cartilage damage was assessed in safranin O histology slides with the histology OARSI score, which ranges from 0 (healthy) to 6 (bone eburnation). The study included 43 samples which had evidence of early cartilage damage: OARSI grades 0 (n = 14), 1 (n = 11), 2 (n = 12), and 3-4 (n = 6). MD maps of OARSI [0 samples showed increased MD (?25 %) in the superficial cartilage extending deeper with increasing OARSI scores. Reduction of FA (*-35 %) was also observed in OARSI [0 samples (Fig. 1) . DTI showed excellent performance in the detection of cartilage damage (accuracy = 95 %; 41 of 43 samples) and good performance in 
DWI of Cartilage Repair
Majdišová et al. [44] investigated the correlation between histology and ADC in a model of cartilage repair. Cartilage repair tissue was scanned at 3 T at 5 and 8 weeks after implantation and subsequently analyzed with histology. ADC in cartilage repair decreased from 1.37 ± 0.05 9 10 -3 mm 2 /s at 5 weeks to 1.16 ± 0.22 9 10 -3 mm 2 /s at 8 weeks and was higher than normal adjacent cartilage 0.85 ± 0.05 9 10 -3 mm 2 /s.
Open Questions for Research
The relationship between the mechanical properties and the diffusion measurements still needs further studies that include more realistic models of the cartilage mechanical properties (e.g., biphasic models) and also correlation with tensile and shear properties of the cartilage. The value of diffusion to differentiate fibro-cartilage from hyaline-like cartilage is an interesting question with important clinical applications that still needs to be addressed.
Clinical Applications of Diffusion of Articular Cartilage
Diffusion measurements of articular cartilage are challenging to perform in vivo because of the high resolution needed (\1 mm) and the characteristic low T 2 of articular cartilage (*30 ms). These technical challenges explain the almost 15 year gap between the first paper showing the potential of diffusion-weighted MRI and the first clinical studies on humans.
Feasibility Studies of DWI and DTI of Articular Cartilage
To the best of our knowledge, Gold et al. [45] were the first to report the ADC of articular cartilage measured in vivo in 1998 (Table 1) . Gold et al. used an interleaved circular diffusion-weighted echo planar imaging (EPI) sequence using 2D spiral for echo navigation. In this first report the interleave EPI sequence showed acceptable image quality, although resolution (1.3 9 1.7 mm 2 in-plane) was still insufficient for cartilage imaging.
Miller et al. [46] used a 3D diffusion-weighted steady state free precession (SSFP) sequence with a 2D navigator to measure diffusion in vivo. SSFP have the advantage of having high SNR and relative short acquisition times (4:40 min per diffusion-weighted image). The drawback of these sequences is that the diffusion quantification is challenging, since it involves knowledge of T 1 and the real flip angle [46] [47] [48] . Assuming a uniform T 1 value of 800 ms, the diffusion measured in cartilage was 1.6 9 10 -3 mm 2 /s. However, the diffusion in the synovial fluid varied between 4 to 6 9 10 -3 mm 2 /s, which is higher than the ADC of free water at body temperature, 3 9 10 -3 mm 2 /s. This values are likely due to the assumption of a very short T 1 values in the synovial fluid (i.e. T 1 of 800 ms instead of 3,620 ms [49] ). Overestimation of diffusivity in the synovial fluid can be problematic in OA patients with cartilage fibrillation and subsequent infiltration of the synovial fluid in the cartilage matrix.
Different groups have tried to improve the performance of the 3D SSFP sequences by using a 3D double echo steady state (DESS) sequence. Staroswiecki et al. [50] used a combination of 3D DESS images acquired with different repetition and echo times, flip angles and diffusion to calculate T 1 , T 2 , and ADC. Although the idea of quantifying these parameters with only two acquisitions (two times 6:13 min) is very appealing, the measured ADC showed poor precision with standard deviations up to 40 % for typical cartilage values (T 2 = 20-40 ms and D = 1-1.5 9 10 -3 mm 2 /s). This precision is low to detect the expected 20 % changes in diffusivity with cartilage degradation.
Bieri et al. [51 •• , 52] proposed to use a 3D DESS sequence in the fast acquisition regime (TR ( T 2 ) with low flip angles, which results in improved SNR and T 2 independence of the signal (Fig. 2) . With this technique, the measured ADC on the articular cartilage increased from 1.0 at the bone-cartilage interface to 1.7 9 10 -3 mm 2 /s at the articular surface ( Table 1 ). The ADC in the synovial fluid was 2.6 9 10 -3 mm 2 /s [51 •• , 52]. Two studies used an EPI sequence to image healthy volunteers. Azuma et al. [53] investigated DTI of articular cartilage in the femoral trochlea of five volunteers. Volunteers were scanned twice, after 10 min standing and after 60 min resting. After resting, a slightly increase in MD in the 10 % of the most superficial cartilage (data interpolation was used) and no change in FA was observed. Zhu et al. [54] imaged the patellar cartilage of 30 healthy subjects. However, in this study, EPI images had insufficient quality with evident geometric distortion, and signs of N/2 ghosting.
Diffusion Measurements of Articular Cartilage After Knee Injury
Due to the low permeability of the cartilage matrix [14] , the application of a sudden (1-10 ms), strong compressive force (pressure [14 MPa) causes an abrupt increase in the pore pressure with devastating consequences to the integrity of the cartilage matrix. Ex vivo experiments have shown PG loss, disruption of the collagen network, and cell death by necrosis as a result of compressive overloading of the cartilage matrix [55] [56] [57] [58] . After injury, chondrocyte apoptosis occurs with overexpression of matrix-degrading enzymes, which further impels the matrix breakdown [58] . Human studies on ACL rupture patients have shown a high concentration of collagen and PG fragments in the synovial fluid just hours after injury, which decreases with time For cartilage repair the time after surgery is indicated in months. Bold face indicates reported significant differences. For clinical studies including patients, the number is given as healthy subjects/patients P patella, F femur, T tibia, A ankle, S synovial fluid, FT femoral trochlea, MFC medial femoral condyle, LFC lateral femoral condyle, MT medial tibia, LT lateral tibia, MACT matrix associated autologous chondrocyte transplant, MFX microfracture, ADC apparent diffusion coefficient for DWI, MD mean diffusivity for DTI, both in units of 10 from the injury but remains increased for years as compared to asymptomatic volunteers [59] [60] [61] . Synovial fluids of ACL patients also contains traces of PG synthesis [60] . Histological analysis of ACL rupture patients showed evidence of degeneration of type II collagen while there is a transient increase in the total PG content [62] .
Xu et al. [63 • ] provided first in vivo evidence that diffusion has the potential for the diagnosis of early cartilage degeneration after knee injury. This study included 30 asymptomatic controls and 42 subjects with cartilage injury, which were scanned using a diffusion-weighted EPI sequence (resolution 0.71 9 1.25 mm 2 ). Inclusion criteria were pain in the medial or lateral compartment, a positive McMurray sign and an injury not older than 30 days at the time of MRI (type of injury was not reported). Ten of the 42 subjects with cartilage injury were excluded since they showed significant abnormal cartilage in clinical sequences (T 1 -, T 2 -, and proton density-weighted). Xu et al. [63 • ] found significant increases (between 26 and 30 %) in ADC (from 1.44 to 1.80 s/mm 2 ; Table 1 ). In this study, the images acquired with the EPI sequence showed limited image quality with signs of image distortion.
DTI can provide additional information to ADC. Figure 3 shows an example of DTI acquired in both knees of a 30-year-old subject after ACL rupture using a radial spinecho DTI (RAISED) sequence.
Open Questions for Research
The value of diffusion measurements to detect cartilage damage as a consequence of an acute injury has not been investigated. Since mechanical injury affects both the collagen and PG components of the matrix, DTI measurements provide an additional advantage over other imaging biomarkers that only assess one component of the matrix. This is important, since studies have shown that cartilage can partially recover from the PG loss but not from the collagen damage.
Diffusion Measurements in OA
Articular cartilage is one of the first tissues involved in the pathologic process of OA. Cartilage degradation during OA involve loss of the GAGs side chains of the PG [64] . GAGs are responsible for the swelling pressure, and its cleavage results in an abnormal loading of the collagen network [65] . Degradation of PG is followed by proteolysis of the non-collagenous proteins, which cross-bind collagen fibers. This causes loosening of the collagen architecture and swelling of the cartilage matrix [64, 66] . Ultimately, collagen disruption occurs, initiating the cascade of events leading to the loss of the cartilage matrix [67] . Detection of collagen integrity is desired to stage OA and identify patients at risk of progression.
Raya et al. [68 • • ] performed the first in vivo study with healthy and OA subjects using a line scan DTI (LSDTI), which is an extension of the line scan diffusion imaging (LSDI) sequence proposed by Gubdjartsson et al. [69] . The patellar cartilage of 10 OA subjects and 16 healthy controls was scanned at 7 T (Fig. 4) . OA subjects had significantly increased MD (?29 %) and showed significantly lesser FA (-26 %) as compared with the healthy controls ( Table 1) . The ability of each MR imaging parameter to help discriminate healthy subjects from subjects with OA was assessed by using receiver operating characteristic curve (ROC) analysis. For MD, a specificity of 100 % and a sensitivity of 80 % were achieved with an optimal threshold of 1.2 9 10 -3 mm 2 /s. For FA, an optimal threshold of 0.25 led to a specificity of 88 % and sensitivity of 80 %. In the same study, the reproducibility of DTI parameters in 10 healthy controls was calculated for MD (8.1 %) and FA (9.7 %).
Raya et al. [70] extended the study to include all knee compartments with the LSDTI sequence. In spite of the low number of included subjects (10 healthy controls and 5 OA subjects), significant differences in MD could be found in the lateral tibiofemoral compartment and the patellofemoral compartment (Table 1) . Differences in FA between healthy controls and OA subjects were lower and were only significant in the lateral tibia.
Open Questions for Research
The value of diffusion parameters in OA needs to be proven in larger cohorts and at low fields (3 T). The value of DTI to predict the progression of OA needs to be assessed in longitudinal studies.
Diffusion Measurements in Cartilage Repair
Injuries of articular cartilage are often a cause of debilitating knee pain and, if not treated, have a propensity to worsen and eventually lead to OA [71, 72] . Cartilage repair surgery aims to recover knee function in the short term and prevent OA on the long term [73] . Over the years, different repair strategies have been proposed: surgical removal of erased chondral tissue (e.g., shaving, joint debridement, etc.), stimulation of spontaneous repair reaction (e.g., microfracture, MFX), autologous tissue transplantation (e.g., osteochondral transplantation), and transplantation tissueengineered scaffolds (e.g., matrix autologous chondrocyte transplantation, MACT). Successful cartilage repair has to fill the subchondral lesion with tissue and show congruity with the adjacent cartilage. However, morphological signs of the cartilage repair do not provide insight into the biochemical composition of the cartilage repair tissue [74] .
The first in vivo studies of diffusion in the articular cartilage were performed with a variant of the 3D SSFP sequence, which is the diffusion-weighted reversed fat imaging with steady state (3D PSIF) [75, 76 •• , 77-79] . In these studies, two images with and without diffusion gradients were acquired and the quotient of the signal intensities, the diffusion quotient, was used as a semiquantitative estimate for diffusion-weighting. However, as shown by Buxton and Wu [47, 48] , the diffusion quotient is a complex function of the ADC, the T 1 relaxation time, the repetition time, and the flip angle. Thus, changes in the diffusion quotient do not have a clear interpretation in terms of diffusion properties of the cartilage repair tissue.
Mamisch et al. [75] investigated the change in diffusion quotient in a cohort of matrix MACT patients. Patients were divided into two groups depending on the time from surgery: group 1 between 3 and 13 months (n = 6), and group 2 between 19 and 42 months (n = 9). Both groups showed significant increases in the diffusion quotient in cartilage repair (?36 and ?11 % for groups 1 and 2, respectively; Table 2 ) as compared with the surrounding intact cartilage. After 1 year, patients in group 1 showed a significant decrease in the diffusion quotient (-8 %), while no change was observed in group 2 (Fig. 5) 
Welsch et al. [77] measured the diffusion quotient in a cohort of MACT (n = 10) and MFX (n = 10) patients in the femoral condyle. Both MACT and MFX patients presented increased diffusion quotients in cartilage repair tissue with respect to intact cartilage, but no difference in diffusion quotient was found between MACT and MFX patients. Interestingly, a negative correlation (r = -0.557; P = 0.011) between the diffusion quotient and the clinical score for knee pain and function (Tenger-Lysholm score) was found in this study. The high resolution achievable with the 3D SSFP sequences allows the study of cartilage repair in the ankle on MACT and MFX patients (Table 2) [78, 79] . The diffusion quotient of MACT patients (1.47) was not significantly (P = 0.105) different from the diffusion quotient of the reference cartilage (1.39) [78, 79] . Interestingly, MFX (2.07) showed a significantly increased diffusion quotient compared with intact cartilage (1.50, P \ 0.016) but also with MACT repair tissue (P \ 0.011) [79] . A significant correlation was found between the diffusion quotient and the time to surgery in MACT patients (Pearson's coefficient -0.647, r 2 = 0.42, P = 0.043) but not on MFX patients.
Quantification of the diffusion using SSFP sequences is possible. Bieri et al. [52] showed the feasibility of a 3D-DESS sequence to measure a patient with cartilage repair with respect to the adjacent intact cartilage (Table 1) . At the 16 months follow-up, the FA shows almost normal values (-8 % difference), while the MD was still slightly increased (?15 %), which was more evident in the most superficial half of the repair tissue (Fig. 2) . They found increased ADC (?22 %) in the repair tissue as compared with the normal cartilage (Table 1) .
Spin-echo-based sequences like the LSDTI or the radial acquisition are especially well suited for the measurements of DTI in cartilage repair. Figure 6 shows a MFX patient (male, 28 years old) 8 and 16 months after surgery. Imaging was performed on a 7 T whole body scanner using the LSDTI sequence. Anatomical images (T 1 -weighted gradient echo) showed increased filling of the defect after 16 months. At 8 months, DTI parameter maps showed increased MD and decreased FA, most likely due to a poor filling of the defect at 8 months (Table 1) . At 16 months, the FA has recovered to almost normal values, although MD still showed high values in the most superficial cartilage.
Open Questions for Research
There is a need of studies that perform quantitative measurements of diffusion in the cartilage repair. Quantitative measurements can provide additional help in differentiating between fibro cartilage and hyaline-like repair tissue. DTI may offer advantages in studying cartilage remodeling after repair surgery, since it has the potential to trace collagen remodeling with the FA.
Conclusions
Diffusion measurement of articular cartilage is a promising technique, since it provides information on the integrity of the cartilage matrix at the scale of a few microns, which is the scale of the cartilage ultrastructure. Although the idea of using MRI to measure the diffusion properties in articular cartilage is not new, it is not until recently that the first clinical studies have been performed. These first clinical studies have shown the potential of diffusion measurements to detect cartilage damage following cartilage injury, to early diagnose OA, and also to measure cartilage remodeling after cartilage repair surgery. Although the first studies have been very encouraging, the value of diffusion as a clinical biomarker for cartilage composition and structure still needs to be tested in large cohorts. Also, longitudinal studies are required to assess the value of diffusion as a biomarker for the prognosis of further cartilage damage.
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